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Abstract Internal waves (IWs) generated in the Luzon Strait propagate into the Northern South China
Sea (NSCS), enhancing biological productivity and affecting coral reefs by modulating nutrient concentrations
and temperature. Here we use a state-of-the-art ocean data assimilation system to reconstruct water column
stratiﬁcation in the Luzon Strait as a proxy for IW activity in the NSCS and diagnose mechanisms for its variability.
Interannual variability of stratiﬁcation is driven by intrusions of the Kuroshio Current into the Luzon Strait and
freshwater ﬂuxes associated with the El Niño–Southern Oscillation. Warming in the upper 100m of the ocean
caused a trend of increasing IW activity since 1900, consistent with global climate model experiments that show
stratiﬁcation in the Luzon Strait increases in response to radiative forcing. IW activity is expected to increase in the
NSCS through the 21st century, with implications for mitigating climate change impacts on coastal ecosystems.
1. Introduction
Internal waves (IWs)—waves propagating along density gradients within a ﬂuid—are ubiquitous
features throughout the world ocean [Nash et al., 2012a]. Sharp vertical density gradients exist between
different water masses within the ocean, most notably across the pycnocline, a steep vertical density
gradient usually located in the upper several hundred meters of the water column. Perturbations to
such a density gradient are restored by buoyancy, generating a propagating wave. Globally, IWs play
an important role in diapycnal mixing [Gregg et al., 2003], delivering nutrients to the surface ocean
that stimulate phytoplankton growth [Holligan et al., 1985]. The amplitude and presence/absence of IWs
vary among coastal regions of the world, due in part to spatial variability in remote IW generation,
propagation, and local topography, and also due to changes in local stratiﬁcation and circulation [Nash
et al., 2012a]. In certain locations, such as the Luzon Strait in the Northern South China Sea (NSCS),
where strong vertical density gradients interact with shallow bottom topography, IWs are persistent
and dominant features of the regional ocean climate [e.g., Ramp et al., 2010; Fu et al., 2012].
Some of the ocean’s largest IWs occur within the NSCS [Ramp et al., 2010; Fu et al., 2012]. The surface tide, or
barotropic tide, moves a stratiﬁed water column across two shallow ridges in the Luzon Strait between Taiwan
and the Philippines [Ramp et al., 2010], generating IWs. The IWs generated in the Luzon Strait begin as westward
propagating depression waves, where shallow water is brought to depth, and transition to elevation waves,
where deep water is brought toward the surface, as they interact with shallow topography [Fu et al., 2012]. On
their path across the NSCS, the IWs collide directly with Dongsha Atoll [Fu et al., 2012] (Figure 1), where fore reef
coral communities experience cool temperature anomalies and primary productivity is stimulated [Wang et al.,
2007; Pan et al., 2012]. Corals living onDongshamay beneﬁt fromexposure to cooler, nutrient-richwater delivered
by IWs for several reasons. First, laboratory culture experiments show that elevated nutrient concentrations
reduce the sensitivity of coral calciﬁcation to ocean acidiﬁcation [e.g., Holcomb et al., 2010]. IWs likely elevate
plankton ﬂux onto the reef and increase coral heterotrophy, as has been shown where IWs interact with coral
reefs in the Andaman Sea [Roder et al., 2010]. In laboratory experiments, heterotrophy has been shown to
enhance coral biomass and calciﬁcation [Edmunds, 2011; Drenkard et al., 2013]. Further, IWs may provide thermal
relief in the form of cooler water to corals in periods of otherwise anomalously warm sea surface temperature
(SST) [Wall et al., 2015]. For example, corals living at 5–7m depth in the Dongsha lagoon that are relatively
isolated from IWs bleached during the 1998 high-temperature anomaly with almost complete mortality, while
corals at similar depths on the fore reef, where IWs are active (Figure 1), did not bleach [Dai, 2004].
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Figure 1. Internal waves in the Northern South China Sea. (a) Map of the NSCS indicating the locations of the Luzon
Strait domain (dashed box) and the Ramp et al. [2010] moorings (labeled “R10” and plotted as green dots). (b) IWs
are visible around Dongsha Atoll in a satellite image taken on 28 May 2014 by the Hyperspectral Imager for the
Coastal Ocean (HICO). (c) Temperature recorded at 10 m depth shows IW activity on the Dongsha fore reef (red dot
in HICO image) from August through October 2013, and zoom in to show a typical IW packet observed on 5
September 2013. Filled and open circles indicate the lunar phases corresponding to spring tides, when IW activity
was greatest. (d) Internal waves appear as pulses of high variance (red colors) distributed between ~2 and 24 h
periods in a wavelet power spectrum. The vertical dashed white line indicates when Typhoon Usagi passed through
Luzon Strait, which marks the beginning of a period of IW quiescence.
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2. Stratiﬁcation and Internal Waves
The background oceanic density ﬁeld has both spatial and temporal variability, which can affect IW
generation and propagation. To understand the effects of stratiﬁcation on IW dynamics, we consider
the equation governing baroclinic ﬂow in perturbation form, as in Baines [1982]
∂ubc
∂t
þ fubc þ 1ρ0
∇pbc þ
ρbcg
ρ0
z^ ¼ FB ¼  gρbtρ0
z^ (1)
where ubc and pbc are the baroclinic components of the velocity and pressure ﬁelds, respectively, the density
ﬁeld is decomposed into the background density (ρ0) and the density perturbations caused by barotropic
(ρbt) and baroclinic (ρbc) motions, f is the Coriolis frequency, t is time, g is gravitational acceleration, and z^ is
the unit vector in the upward direction. FB is often called the “Baines force” and is a linear forcing term that
represents the generation of IWs from vertical density perturbations due to barotropic tidal motions. Deﬁning
ρbt in terms of the background density gradient and the vertical, barotropic velocity component, wbt, the
Baines force becomes
FB ¼  gρ0
∂ρ0
∂z
 
wbtω1bt ¼ N2wbtω1bt (2)
where ωbt is the barotropic tidal frequency and N is the Brunt-Väisälä buoyancy frequency
N ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
g
ρ0
∂ρ0
∂z
s
(3)
The form of the Baines force term in equation (2) illustrates that the conversion of barotropic tidal energy to
baroclinic motions (i.e., IWs) is proportional to N2. Consistent with this theory, models of IW generation,
including 3-D numerical simulations of IW generation over the topography of the Luzon Strait, show that
increasing stratiﬁcation increases IW generation by the barotropic tide [Chuang and Wang, 1981; Zheng et al.,
2007; Shaw et al., 2009; Zhang et al., 2011].
Perturbations within different density stratiﬁcation ﬁelds can produce waves which differ in their frequency
and propagation angle according to the IW dispersion relation, ωiw
2 =N2cos2θ + f2sin2θ, where ωiw is the IW
frequency, and θ is the angle of the IW characteristic [Phillips, 1977]. Thus, changes in N can modify the angle
at which IWs propagate once generated. A strong, shallow (within the upper ~100m) pycnocline, like that
characteristic of the NSCS [Zhao and Alford, 2006], is critical in that it acts as a waveguide, concentrating the
IW energy near the surface [Shaw et al., 2009], and ultimately increases the transmission of IW energy onto
shallow shelves. For example, numerical experiments performed with two different stratiﬁcations using a 2-D
model of the New Jersey continental shelf show that a 25% increase in N2 produces a 50% increase in the
ﬂux of IW energy onto the shelf [Nash et al., 2012b]. Consistent with this theory, observations of IWs by
moored current proﬁlers show that greater stratiﬁcation in the Luzon Strait leads to greater IW energy ﬂux
onto the continental slope in the NSCS [Ma et al., 2013].
The theoretical link between stratiﬁcation and IW generation is consistent with the longest continuous
observations of IWs in the NSCS from May 2005 through May 2006 via temperature, velocity, and pressure
measurements on four moorings spanning the NSCS basin to the upper continental slope westward of the
Luzon Strait [Ramp et al., 2010]. These previous direct observations revealed the diurnal arrival of IW packets
that occurred generally within ±4 days of spring tide from the start of observation in May 2005, almost
completely ceased between December 2005 and March 2006, and resumed in April 2006 [Ramp et al., 2010].
This seasonal pattern of IW presence (absence) is explained by high (low) stratiﬁcation in the Luzon Strait
measured from conductivity-temperature-depth casts [Ramp et al., 2010], consistent with IW generation
observed elsewhere around the world [Nash et al., 2012a]. The few IWs that were formed during winter 2005
and 2006 occurred only during anomalous high-stratiﬁcation events [Ramp et al., 2010].
Past and future changes in IW activity likely play an important role in the ecology of Dongsha Atoll and
other marine ecosystems in the NSCS. Yet we are aware of no study that has documented IW activity in
the NSCS on decadal or longer time scales. Here we use the Simple Ocean Data Assimilation (SODA)
system, version 2.2.4, an ocean model constrained by in situ observations [Carton and Giese, 2008; Giese
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and Ray, 2011] to reconstruct historical changes since 1900 in stratiﬁcation (N) in the Luzon Strait,
which serves as an indirect measure of IW activity based on the theory and observations discussed
above, combined with our own unique observations of IW activity on Dongsha Atoll presented here.
3. Methods
We characterized IW activity at Dongsha Atoll via a time series of temperature, which tracks oscillations of the
thermocline driven by IWs. Temperature at 10m depth on the Dongsha Atoll northern fore reef was
measured at a 5min sampling interval from August through October 2013 with an Onset Corporation HOBO
U22 logger (accuracy ± 0.1°C after calibration in an isothermal bath) attached to a buoy 1m above the bed. In
order to identify the IW signal, we applied a continuous wavelet transform to the temperature time series
following the methods described by Torrence and Compo [1998], using a Morlet wavelet. IWs appear in the
wavelet power spectrum as bursts of power that are distributed across periods (Figure 1); the reason for this is
shown by the arrival of a typical IW packet that occurred on 5 September 2013 (Figure 1). Temperature was
depressed from ~08:00 to ~13:00, casting power onto low frequencies (10+ h periods). Superimposed on this
5 h anomaly are higher-frequency cool anomalies that occur over 1-2h. Thus, the approximately daily pulses of
power distributed across periods in the wavelet power spectrum indicate the arrival of these IW packets.
To characterize historical IW activity in the NSCS, we analyzed the density stratiﬁcation, as N (equation (3)), in
the Luzon Strait (19–21.5°N, 120–121.5°E) in the SODA reanalysis from 1900 to 2008. We excluded the
nineteenth century SODA reanalysis (beginning in 1871) because of its reliance upon atmospheric data and
sparse SST observations rather than hydrographic depth proﬁles [Giese and Ray, 2011]. N was calculated in
each grid box from vertical proﬁles of temperature and salinity in SODA using the Gibbs Seawater Toolbox
[McDougall, 2011]. Stratiﬁcation data were reduced to a one-dimensional monthly time series of maximum N
by ﬁrst ﬁnding the maximum N in the vertical proﬁle below each surface grid box within the Luzon Strait and
then taking the mean of all maximum N grid points at each month (n= 15 grid boxes); this monthly time
series was then averaged into seasonal and annual time series. Throughout the text, “N” refers to these time
series of N maxima with respect to depth.
The separate inﬂuence of temperature and salinity on Luzon Strait N can be evaluated by holding one
variable to a climatological mean, while using the historical reanalysis of the other variable. To do this, we
repeated our analysis of SODA using the climatological monthly mean temperature and salinity depth
proﬁles, separately (i.e., variability of N becomes a function of only temperature or salinity variability).
More than 99% of monthly N maxima were found within the upper 125m in SODA, consistent with the
depths where IWs are observed [Ramp et al., 2010], and where the strong pycnocline is modeled to act as a
waveguide [Shaw et al., 2009], within the NSCS. We also used sea surface height (SSH) anomalies in SODA to
identify the location of the Kuroshio Current. SODA has been shown to reliably reproduce both interannual
variability of Kuroshio transport [Wu et al., 2012] and SSH in the South China Sea [Yang and Wu, 2012],
supporting the ability of SODA to constrain Kuroshio intrusions in the Luzon Strait.
We used ordinary least squares linear regression to test for signiﬁcant (p< 0.05) trends of N with respect to
time for both the seasonal and annual time series. Because the time series are signiﬁcantly autocorrelated
at a lag of 1 year, we test for signiﬁcance with a reduced effective number of degrees of freedom
(neffective = n(1 r)/(1 + r), where r is the lag 1 autocorrelation coefﬁcient of the detrended series). In
addition, we used ordinary least squares to test for signiﬁcant correlations between annual Luzon Strait
N and the following time series: the NINO3.4 index of El Niño–Southern Oscillation (ENSO) [Trenberth and
Stepaniak, 2001], SST from the NOAA Extended Reconstructed SST (ERSST.v3b) data set [Smith et al., 2008],
and mean SSH in the Luzon Strait from SODA.
Using the same procedure as for SODA, we analyzed Luzon Strait N within the National Center for
Atmospheric Research (NCAR) Community Climate System Model version 4 (CCSM4) coupled general
circulation model (GCM) (12 grid points in the Luzon Strait) ensemble member r1i1p1 (this code identiﬁes
which initial conditions were selected from a set of equally likely initial conditions). The historical CCSM4
simulation has radiative forcing consistent with historical greenhouse gas emissions, but such simulations
are not constrained to match the timing of observed interannual climate variability. Therefore, we only
compare the centennial-scale trends between CCSM4 and SODA because it is the trend that represents the
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response to historical radiative forcing.
We predicted Luzon Strait N throughout
the 21st century using CCSM4
simulations under different greenhouse
gas emission scenarios, which are called
“representative concentration pathways”
(RCPs), that correspond to “high” (RCP8.5)
and “midrange mitigation” (RCP4.5)
emission scenarios [Taylor et al., 2012].
4. Results and Discussion
4.1. Internal Waves at Dongsha Atoll
Our time series of IW activity at Dongsha
Atoll follows the pattern of IW generation
in the Luzon Strait. IWs on Dongsha
generate cold temperature anomalies up
to 6°C and have a fortnightly beat, with
the greatest IW activity generally
occurring 2 days after the spring tide
(Figure 1), consistent with the timing of
IWs generated in the Luzon Strait and
2 days for the IWs to propagate to
Dongsha [Ramp et al., 2010]. Typhoon
Usagi passed directly through the Luzon
Strait on 21 September 2013, presumably
increasing the mixed layer depth and
decreasing stratiﬁcation, as shown
following previous typhoons near the
Luzon Strait [Lin et al., 2003]. Immediately
following Typhoon Usagi, IW activity
ceased at Dongsha for 1month
(Figure 1). These data are consistent with
the theory and previous observations
described in section 2, and further underscore the critical dependence of IWs at the Dongsha coral reef,
and likely throughout the NSCS, on Luzon Strait stratiﬁcation. The lack of IWs at 10m depth on the
Dongsha fore reef is potentially explained by smaller amplitude or deeper IWs following Usagi.
Nevertheless, it is clear that the extent to which the shallow coral reef ecosystem on Dongsha is exposed to
IWs is sensitive to changes in the water column between Luzon Strait and Dongsha.
4.2. Roles of Ocean Warming, ENSO, and the Kuroshio in Modulating Internal Waves
Annual and seasonal N in the Luzon Strait have increased since 1900 (Figure 2), implying an increase in IW
activity in the NSCS. Increasing stratiﬁcation in the Luzon Strait arises dominantly from temperature changes in
the upper 100m. Calculating the annual N time series using climatological monthly mean salinity (only
temperature varying) captures 69% of the total variance and a similar trend as the full analysis (Figure 2), while
changing salinity alone captures only 35% of total variance and produces no long-term trend of N since 1900.
The relative contributions of temperature and salinity changes to the Luzon Strait N trend are further evaluated
by comparing temporal changes of density depth gradients due to changes in temperature and salinity
(Figure 3). Seasonal-depth patterns of N change, in particular the increasing N at the depths of climatological
maximum stratiﬁcation, are nearly replicated by the density depth-gradient changes attributable to
temperature, with little contribution from changing salinity. Together, these results clearly show that it is
warming in the surface ocean that is responsible for the trend of increasing stratiﬁcation in the Luzon Strait over
the past century.
Figure 2. Temporal changes in Luzon Strait stratiﬁcation. Time series of
Luzon Strait annual (thin black) and 20 year low-pass ﬁltered (thick black)
N anomalies relative to the 1900–2000 mean derived from SODA, and
historical (gray), RCP 4.5 (blue), and RCP 8.5 (red) N anomalies derived from
CCSM4. Inset bar plot shows linear trends of historical N changes derived
from temperature and salinity together (SODA), temperature alone
(Temp), salinity alone (Salinity), seasonal changes in temperature and
salinity in SODA, and CCSM4. Seasons are deﬁned such that winter is
December-January-February (DJF), spring is March-April-May (MAM),
summer is June-July-August (JJA), and autumn is September-October-
November (SON). Asterisks indicate signiﬁcant trends after correcting the
effective degrees of freedom for autocorrelation (seemethods). From 1958
to 2008, when SODA is constrained by comprehensive hydrographic
observations [Giese and Ray, 2011], the linear trend of N is signiﬁcant
(2.3 ± 1.6 × 103 s1 century1). Inset time series shows annual mean
(black) andmaximum (gray) tidal amplitude (inmeters) in the Luzon Strait
calculated for each year from the range of sea level within 2 daywindows.
The plot shows anomalies relative to 1900–2100 means, with mean
annual amplitude of 0.71m and mean of annual maximum amplitude
of 1.10m.
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Interannual variability is superimposed on the
long-term trend of stratiﬁcation in the Luzon
Strait. Some of this interannual variability is
related to the Paciﬁc basin pattern of ENSO.
Detrended annual Luzon Strait N is signiﬁcantly
inversely correlated with the NINO3.4 index. In
general, anomalously high stratiﬁcation occurs
in the Luzon Strait during La Niña, and
anomalously low stratiﬁcation during El Niño.
To understand how ENSO inﬂuences Luzon
Strait N, we compare the correlation with ENSO
using the SODA analyses of Luzon Strait N with
climatological mean temperature and salinity,
separately (Figure 4). This shows that the
ENSO-like pattern dominates the spatial
correlation between tropical SST and annual
Luzon Strait N calculated with climatological
mean temperature (salinity varying) but is
largely absent in the analysis repeated with
climatological mean salinity (Figure 4). Because
the connection to ENSO is driven by salinity
variations (rather than temperature) in the
Luzon Strait, this pattern can be explained if La
Niña causes (1) an absence of salty Kuroshio
Current intrusions or (2) increased freshwater
ﬂux (i.e., precipitation minus evaporation, or
P E) in the Luzon Strait. Both mechanisms
have the effect of decreasing sea surface
salinity in the Luzon Strait, thus increasing the
vertical gradient of salinity, and increasing
stratiﬁcation.
In addition to ENSO, the location of the
Kuroshio modulates stratiﬁcation in the Luzon
Strait. During positive (negative) N anomalies,
SSH is anomalously low (high) in the Luzon
Strait, indicating the absence (presence) of a
Kuroshio intrusion (Figure 4). However,
NINO3.4 SST explains little of the variance in
annual Luzon Strait SSH (p> 0.05, r2< 0.02), indicating that Kuroshio intrusions occur independently of
ENSO, and that the positive N anomalies during La Niña are driven by a regional increase in P E rather
than ENSO controlling the location of the Kuroshio.
The climate-driven changes in IW activity that we report are likely accompanied by other sources of variability.
For example, in some cases, storms can increase IW energy ﬂux via inertial-tidal interaction [Hopkins et al., 2014].
Tidal forcing also inﬂuences IW generation and the energy associated with IWs in the NSCS [Lien et al., 2005].
Cycles in tidal forcing, from fortnightly to interannual, are periodic by nature andwill be superimposed upon the
climate-driven trends in IW activity that we focus on here. To illustrate this, we plot temporal changes in tidal
amplitude in the center of our Luzon Strait box following Ray [2013] (Figure 2 inset). Annual mean andmaximum
tidal amplitude vary ±5% mainly due to the 18.6 year lunar nodal cycle [Pugh, 1987], with no long-term trend.
4.3. Projections of Internal Wave Activity in the 21st Century
Our ﬁndings imply that changes in IW activity in the NSCS are driven by warming of the upper ~100m of the
ocean and modulated interannually by ENSO and Kuroshio intrusions. ENSO drives regional P E, which
combined with high-salinity Kuroshio intrusions into the Luzon Strait causes substantial interannual
D
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Figure 3. Seasonal and depth patterns of stratiﬁcation changes
in the Luzon Strait. (a) Difference in Luzon Strait N, (b) vertical
temperature gradient, and (c) vertical salinity gradient between
1983–2008 and 1900–1925 (colors) as functions of depth and
month. Change in temperature and salinity depth gradients is
converted to change in density depth gradient at 34.5 practical
salinity unit and 25°C, respectively. The climatological monthly
mean buoyancy frequency is shown by the contours. Contour
spacing is 0.002 s1.
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variability in Luzon Strait N (Figure 2). Future IW activity in the NSCS will therefore depend on how these
drivers of stratiﬁcation in the Luzon Strait respond to increasing radiative forcing in the 21st century.
To predict future change in NSCS IW activity, we calculated Luzon Strait N using the CCSM4 GCM. The historical
(1900–2005) CCSM4 simulation produces a signiﬁcant trend of increasing N of similar magnitude as SODA
(Figure 2), demonstrating that the GCM accurately represents the response of Luzon Strait N to historical
radiative forcing. Given conﬁdence that CCSM4 can reliably simulate changes in Luzon Strait stratiﬁcation in
response to radiative forcing, we ﬁnd that future Luzon Strait N is predicted by CCSM4 to increase steadily
throughout the 21st century under medium (RCP4.5) and high (RCP8.5) greenhouse gas emission scenarios.
These predicted stratiﬁcation changes have several implications for the IW ﬁeld in the NSCS. IWs will likely occur
during a greater portion of the year as Luzon Strait stratiﬁcation more frequently exceeds the critical level
required to generate IWs. Further, the IWs are expected to become larger under greater stratiﬁcation, increasing
the ﬂux of energy onto the NSCS continental shelf where these IWs elevate nutrient concentrations, enhance
primary productivity, and potentially buffer coral reef ecosystems from the impacts of climate change.
5. Conclusions
Over the past century, IW activity in the NSCS has been modulated by climate-driven changes in water
column stratiﬁcation in the Luzon Strait and has increased in response to radiative forcing. Under future
Figure 4. The roles of ENSO and the Kuroshio in driving interannual variability of stratiﬁcation in the Luzon Strait. (a) Map of signiﬁcant correlations between annual
Luzon Strait N (colors) calculated with climatological mean temperature (only salinity varying) and ERSST.v3b [Smith et al., 2008] for the period 1900–2008. Solid
(dashed) black lines show contours of positive (negative) correlation coefﬁcient (r) between ERSST.v3b and the NINO3.4 index, indicating the spatial pattern of ENSO.
Speckling indicates signiﬁcant positive correlations between annual Luzon Strait N calculated with climatological mean salinity (only temperature varying) and
ERSST.v3b (no signiﬁcant negative correlations). (b and c) Composite maps of detrended SSH anomalies during positive (Figure 4b) and negative (Figure 4c) annual
Luzon Strait buoyancy frequency anomalies. Contours show the climatological mean SSH ﬁeld, which clearly reveals the climatological position of the Kuroshio by
the sharp horizontal SSH gradient just east of Luzon Strait in the Philippine Sea. Contour spacing is 0.1m. (d) Time series of annual detrended Luzon Strait N (black),
NINO3.4 index (red and blue), and SSH anomalies (gray). Note that NINO3.4 and SSH are plotted with reversed axes.
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warming, the NSCS will likely experience a more active IW climate and a seasonal expansion of the IW season
toward winter. Future changes in stratiﬁcation may affect the IW ﬁeld globally, with important implications
for other coastal ecosystems. Where themechanisms of IW generation are similar to the NSCS, future changes
in IW climate may represent an important, yet little recognized, aspect of the changes in the marine
environment to which precious coastal ecosystems are exposed.
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